I. INTRODUCTION
Allowing data rates beyond what electronic components can offer, photonics have been identified as one promising paradigm. However, while silicon is of huge interest for the making of most components, its indirect band gap prevents it from being an efficient light emitter. For addressing this issue, III-V semiconductor compounds have been introduced as potential candidates. Among them, n-InP substrates and the corresponding metal interfaces have been extensively studied for improving the performances of such devices. Among others, Ti is one of the most widely used metals in the classical Ti/Pt/Au contacts, where it provides the primary role of improved metallization adhesion. 1 In these stacks, the Ti being directly in contact with the semiconductor mainly rules the electrical properties of the integrated contacts. Therefore, in the scope of forming noble material-free contacts, the study of alloyed Ti-based metallizations is of particular interest.
In order to make such contacts, the main process flow consists of a surface preparation (wet and/or plasma treatments), one or several metal layer depositions and a heat treatment. These processes aim to control the intermetallic compound(s) formation, thereby modifying the contact resistivity. Each phase arising from the solid state reactions offers various electrical properties (resistivity, work function, Schottky barrier height, interface and gap defects…) and thermokinetic properties (dopant and/or element distribution, growth kinetics, thermal stability, texture…). As a consequence, it is necessary to identify the phase formation sequence along with the range of existence of each compound.
Most studies present in the literature report the initiation of a reaction between the Ti and the InP during the deposition process, without any critical minimum coverage. [2] [3] [4] [5] [6] Some In release is featured and associated with the formation of intermixed Ti-P layer; [2] [3] [4] [5] [6] only one study does not report the formation of intermixed compound during the deposition process but identifies the first signs of reaction at 325 C. 7 At higher temperatures, however, i.e., from 300 C to 350 C depending on the studies, all authors found out that the intermixed layer is converted into stable crystalline binary Ti-P intermetallic compounds. The composition of the latter is not ascertained but might comprise some TiP and/or Ti 4 P 3 . However, even if both phases coexist, the TiP appears to be predominant. The formation of these compounds is associated with some In out diffusion and with an incomplete consumption of the Ti. As a consequence, the authors conclude that the TiP phase acts as a diffusion barrier thereby inhibiting further reaction between the Ti and the InP even at temperatures as high as 600 C. In this paper, we investigate the phase sequence obtained on the Ti (20 nm or 50 nm)/InP systems under rapid thermal processes (RTP) and identify the mechanisms responsible for the appearance of the various observed phases.
II. EXPERIMENTAL PROCEDURE
The metallurgical studies were carried out on semiinsulating (001) InP substrates on top of which a 300 nm InP a)
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Published by AIP Publishing. 121, 245311-1 epitaxial layer was grown. The substrate cleaning procedure includes a 30 s wet etching in dilute HCl:H 2 O (1:2) solution followed by a direct Ar þ plasma etching (RF1: 130 W; RF2: 310 W) prior to the metal deposition process. The 20 and 50 nm-thick titanium films were deposited by physical vapor deposition (magnetron sputtering in DC mode) at 100 C and capped by 7 nm thick TiN films deposited at the same temperature. This kind of encapsulation protects the Ti film from any atmospheric contamination and/or oxidation, which could alter the reactions taking place at the Ti/InP interface. The Ar þ preclean and the deposition of the metal layers were performed in the same equipment, thereby avoiding air breaks. Then, RTP processes were conducted under NH 2 ambient for 60 s at temperatures ranging from 250 C to 550 C. Both, the as deposited and the reacted films were characterized by Auger Electron Spectroscopy (AES) and cross sectional Transmission Electron Microscopy (TEM). Samples dedicated to the TEM analysis were prepared by focused Ga þ -ion beam (FIB) and Ar þ -ion milling. All samples were also characterized thanks to X-Ray Diffraction (XRD) detexturation. Detexturation consists in acquiring h/2h diffractograms at several v angles (8 scans from 0 to 70 by steps of 10 -see Appendix A for the description of the various angles of a four-circle diffractometer). The sum of all these diffractograms gives access to a higher number of diffraction lines, as well as higher peak intensity. This kind of XRD is well optimized for thin films because they are often textured, and their diffracting volume is small, especially, in the early stages of their formation.
III. RESULTS

A. As deposited systems
The Ti being known as a very reactive metal on InP, the composition of the Ti/InP system right after deposition was determined thanks to the XRD detexturation. For doing so, several Ti thicknesses ranging from 20 to 50 nm were probed as displayed in Fig. 1 .
In accordance with most results reported in literature, the XRD patterns highlight the initiation of the reaction between Ti and InP during the deposition process. [2] [3] [4] [5] [6] This reaction appears to be incomplete as several peaks corresponding to the Ti are still observed, even when only 20 nm of metal were initially deposited. The XRD patterns highlight the formation of at least two binary and crystalline phases, the hexagonal TiP, and the tetragonal Ti 2 In 5 . While the formation of the first phase is largely reported in literature, the second has not been observed yet. It is important to note that some In might also be present in these systems as one peak might be attributed to this phase (2h ¼ 33 ). However, this assumption could hardly be affirmed, thanks solely to the XRD, as this peak could also be attributed to TiP. Therefore, in order to identify more precisely the nature and the repartition of the various phases, additional TEM combined with AES characterizations were conducted on the TiN (7 nm)/Ti (20 nm)/InP and TiN (7 nm)/ Ti(50 nm)/InP systems (Figs. 2 and 3) .
The low magnification TEM images highlight the homogeneity and the continuity of the layers present on the InP [ Fig. 2(a) ]. Increasing the magnification reveals the presence of two different layers underneath the Ti whose grains are about 40 nm wide [ Fig. 2(b) ]. Although both layers' thicknesses are not perfectly homogeneous within each system, they are independent of the initially deposited Ti thickness:
• The thickness of layer-1 ranges from 3 nm to 8 nm within each sample; • The thickness of layer-2 ranges from 7 nm to 15 nm within each sample.
Selected Area Electron Diffraction (SAED) pattern and its indexation are shown in Fig. 2(c) . When a diffraction spot can be attributed to more than one phase, the most probable is given in first. Even if SAED technique does not probe the same interreticular planes than XRD, it exhibits the presence of the same phases Ti, TiN, TiP, and Ti 2 In 5 . Additionally, the TEM cross section features an important contrast in terms of composition between the two layers. Taking into account the atomic masses of Ti (47.87 g mol À1 ), In (114.82 g mol À1 ), and P (30.97 g mol À1 ), and the results obtained on the XRD characterization, one must reasonably assume that the observed stack is composed of TiN/Ti/ Ti 2 In 5 /TiP/InP. Additional AES characterizations were conducted in order to confirm or deny this conclusion. Because they are very similar, Fig. 3 displays solely the results corresponding to the system TiN (7 nm)/Ti (20 nm)/InP.
As supported by the AES depth profile, the two layers present very different compositions. The AES depth profiles are smeared due to the roughness of the corresponding layers. While the layer in contact with the Ti (layer-2) is composed of a mixture of Ti and In, the layer in contact with the InP (layer-1) consists of Ti and P. As a consequence, the various characterizations indicate the fact that the Ti reacts with the InP during the deposition process conducted at 100 C to form the layered structure: TiN (7 nm)/Ti/Ti 2 In 5 (7 to 15 nm)/TiP (3 to 8 nm)/InP.
B. Annealed samples
In order to determine the evolution of the structure identified after deposition, additional characterizations were When only 20 nm of Ti are initially deposited, the diffractograms highlight the coexistence of the three phases already observed, i.e., Ti, Ti 2 In 5 , and TiP, at temperatures up to 450 C (Fig. 4) . Furthermore, the intensity of every diffraction peak is constant throughout the annealing temperatures, and thus, do not indicate the evolution of the phases from 250 to 450 C. However, increase in the initial Ti thickness to 50 nm leads to a modification of the behavior of the diffraction peak ( to 65 are absent in the patterns acquired after annealing treatments conducted at 250 C and 450 C while they are present at 350 C. Therefore, the extinction of some peaks seems to be uncorrelated with the actual composition of the systems and may be attributed to the combined effect of the measurement geometry and the crystallographic texture of these compounds. Indeed, even though diffractograms were acquired at several v angles to give rise to the summed patterns presented in Figs. 4 and 5, no rotation was performed around the / angle in this configuration (A schematic representation of the different angles of a four-circle diffractometer is shown in Fig. 11 in Appendix A). Therefore, some orientations might be extinct depending on the initial positioning of the sample/wafer with respect to the X-Ray beam. In order to confirm or deny this hypothesis, TEM and AES characterizations were conducted on the system presenting an initial Ti thickness of 50 nm annealed at 450 C (Fig. 6 ). The TEM cross section along with the AES depth profile feature the presence of four distinct layers, which are very similar to the ones observed after deposition in terms of morphology and thicknesses. The layer 1 in contact with the InP substrate and composed of Ti and P is still about 3-8 nm thick, while the thickness of the layer 2 composed of Ti and In, still ranges from 7 to 15 nm. Note that the roughness present in this system results in transitions that are less net on the corresponding AES depth profile. As a consequence, the layer's thicknesses are somewhat overestimated in this profile compared to the ones actually measured in the corresponding TEM cross sections and presented here. However, although the roughness seems to be increased by this thermal treatment, the various compounds are still arranged in the layered structure already observed after deposition: TiN (7 nm)/Ti/ Ti 2 In 5 (7 to 15 nm)/TiP (3 to 8 nm)/InP. As a consequence, the modification of the diffractograms from 250 C to 450 C is most likely linked to a texture of the observed compounds rather than to an actual modification of the systems' composition. For initially deposited Ti thickness ranging from 20 to 50 nm, the TiP and the Ti 2 In 5 are formed during the deposition process and are stable in terms of composition and thicknesses at temperatures as high as 450 C. However, contrary to the observations made in this range of temperature, a drastic change of composition is brought by an increase in the temperature to 550 C. At this point, a complete redistribution of the species present in the sample leads to the total consumption of the Ti and Ti 2 In 5 . The latter are replaced by the already observed TiP phase. The stoichiometry conservation leads to some In release as confirmed by the corresponding XRD patterns.
IV. DISCUSSION
In Sec. III, thanks to the combined results emanating from XRD, TEM, and AES, the composition of Ti (20 to 50 nm)/InP systems was determined from deposition temperature to 550 C. It was found that a layered structure composed of Ti, Ti 2 In 5 and TiP is formed during the deposition process conducted at 100 C and is stable up to 450 C. However, further increasing the temperature up to 550 C leads to a consumption of the Ti and the Ti 2 In 5 to promote the TiP and In.
The initial appearance of Ti-In phases along with Ti-P phases has not been reported yet in this kind of systems. Because it might modify their electrical properties or their thermal stability, the phenomena responsible for the appearance of the Ti 2 In 5 are worth identifying. Similar discrepancies were observed on other systems and attributed to the different data treatment used by the various groups. 8, 9 In our case, the identification of the phases could hardly be questioned as a multitude of diffracting peaks confirms the indexation of each phase in Figs. 4 and 5 . However, as detailed in the experimental procedure, all samples were dipped into a concentrated HCl solution and subjected to an Ar þ preclean before the metallization deposition in order to remove the native oxides and contaminants from the InP surface. Studies concerning the effect of these surface preparations showed that both treatments modify the InP surface's stoichiometry. [10] [11] [12] [13] [14] A. Impact of the InP surface preparation
In order to further understand the individual effect of the wet and the dry preparation on our systems, two additional samples were prepared. The first one was only dipped in the HCl: H 2 O ¼ (1: 2) wet solution while the second one was additionally submitted to the Ar þ plasma. In order to avoid Ti and InP intermixing, no Ti layer was deposited. However, the 7 nm-thick TiN layer was deposited on the InP immediately after the surface preparations in order to prevent any parasitic oxidation or contamination of its surface. The TEM images along with the corresponding AES depth profiles are presented in Fig. 7 .
The TEM image corresponding to the sample that was subjected to the Ar preclean [ Fig. 7(a) ] features an important roughness with a discontinuous TiN film, which morphology is determined by the individual TiN grains. An amorphous layer of about 10 nm is also identified, similarly to the results reported in a previous study. 13 Because of the important roughness, the corresponding AES depth profile is highly smeared and the signals emanating from the InP, the amorphous layer, and the TiN top layer are not clearly distinct. Nonetheless, a compositional gradient can be observed in the profile. It, therefore, appears that this kind of plasma leads to a phosphorus depletion of the InP surface consistently with what was previously reported in the literature. [10] [11] [12] [13] The region situated below this In-rich area appears to be P-rich over a few nanometers. One can notice an O signal emanating from the top region of the sample. Because of the important roughness, it would not be possible to assert if it comes from the original InP surface or an oxidation occurring afterwards because of the TiN layer discontinuity. However, studies conducted in our group showed the efficiency of this kind of InP surface preparation, and are, therefore, in favor of the second hypothesis. 12 When no plasma treatment is conducted, the morphology of the layers drastically changes [ Fig. 7(b) ]. The TiN layer observed in this case is continuous and homogeneous, which results in a net AES depth profile. In the latter, the various layers can be clearly distinguished from one another. Particularly, the presence of an oxide layer on the InP surface comes as no surprise because of the absence of in situ surface preparation before the metal deposition. This native oxide, which is 2 to 3 nm thick can be seen in the corresponding TEM cross section. A compositional gradient similar to the one observed after the Ar þ plasma treatment is also observed within this native oxide. It, therefore, appears that the wet surface preparation conducted before the in situ preclean starts to deplete P from the InP surface. This assumption is in accordance with the findings of Cuypers et al. who showed that at high concentrations ([HCl] ! 2 M), the HCl molecule is not dissolved within the solution and anisotropically etches the InP surface.
14 This etching process results in the formation of terraces, which are preferentially In-terminated. Therefore, the creation of a compositional gradient at the surface of the InP is first induced by concentrated HCl solutions and strongly emphasized by the in situ Ar þ plasma treatments.
B. Mechanisms involved in the phase formation sequence
In accordance with literature, our results highlight the fact that both the concentrated HCl solution and the Ar þ plasma treatment create an amorphous layer, which presents a compositional gradient at the InP surface. The latter is, thus, In-rich at its top and P-rich at its bottom. During the subsequent Ti deposition, which is conducted by PVD at 100 C, the atoms are deposited on this modified surface. Some atoms are directly in contact with the In-rich region while a non-negligible portion also reaches the P-rich InP area, either thanks to their kinetic energy and/or thanks to a short length diffusion process. The compositional gradient present in the InP, therefore, leads to the formation of two distinct layers, the Ti 2 In 5 in the In-rich region and the TiP below. This situation is schematically represented in Fig. 8 .
In order to identify more precisely the involved mechanisms, one must additionally consider the results presented in literature. In most studies, no extensive details are given concerning the surface preparation, with the exception of Takeya et al. who dipped their InP substrates into HF solutions. 3, 4 It is, therefore, consistent to assume that the InP surfaces used in these studies have not been modified, and are thus, composed of 50 at. % of In and 50 at. % of P. As a consequence, it appears that when the InP surface's stoichiometry is not modified, the formation of Ti-P phases is favored at temperatures as low as 20
C. This observation leads to two conclusions
The gain in free energy (DG v ) associated with the formation of TiP in unmodified InP is so important that it compensates the increase of surface energy (Dr) linked to the nucleation of the phase at temperatures as low as 20 C. Therefore, the formation of this compound is not limited by the nucleation on intact InP and is thermodynamically favourable on this kind of surface.
(ii)
The overall gain in free energy (DG n ) associated with the formation of TiP when Ti and unmodified InP are brought in contact is more important than the one associated with the formation of Ti 2 In 5 . Note that DG n takes into account the gain in free energy associated with the formation of the binary phase (DG v ) and the surface energy required for the forming of new interfaces (Dr).
On the other hand, when the InP surface is modified by the surface preparation and becomes In-rich, these considerations are no longer verified. The kinetic energy due to the PVD deposition brings Ti atoms close to/into the modified layer. In this case, even if the free energy gain would have been maximized by forming the TiP phase, the Ti 2 In 5 phase is favored because of the available In excess. Just like TiP, the gain in free energy associated with the formation of Ti 2 In 5 compensates the surface energy required for forming the nuclei at temperatures as low as 100 C. The appearance of this phase is, therefore, not limited by the nucleation process. However, because the TiP phase is thermodynamically more stable in intact InP surfaces, the system tends to form this phase in the regions where the nominal InP stoichiometry is preserved, i.e., below the top few InP nanometers. The formation of Ti-P phases is even more favored in the present case as a P-rich region is present right below the In-rich layer. These mechanisms are in accordance with the observed layered structure, where the P-rich phase lies below the In-rich one. Furthermore, the formation of the Ti 2 In 5 and TiP must occur simultaneously. The P release associated with the appearance of the Ti 2 In 5 , therefore, helps the formation of the TiP; similarly, the In released during the formation of the TiP is at least partially consumed to form the Ti 2 In 5 . Once continuous TiP and Ti 2 In 5 layers are formed, at least one of them acts as a diffusion barrier (bulk and/or grain boundary diffusion), therefore, inhibiting further reaction up to 450 C. It is important to note that even though both layers can inhibit the diffusion, based on literature, the TiP probably plays the most important role. Additionally, Pfree "pockets" are observed below the TiP layer as displayed in Fig. 9 . One can reasonably assume that these pockets appear during the formation of the TiP layer. As mentioned above, when the Ti and the InP react together to form the TiP, some In must be released. A certain proportion of the In participates in the formation of the Ti 2 In 5 provided that it is not blocked by the TiP diffusion barrier. However, the proportion of In that is released underneath this TiP layer cannot diffuse through it or in the InP substrate, and is, therefore, constrained to stay in the TiP/InP interface. These pockets are, therefore, composed of pure In whose peaks are observed in the corresponding diffractograms.
As a consequence, it appears that the Ti 2 In 5 and the TiP are most probably formed simultaneously during the deposition process by reaction between the Ti and the InP surface submitted by the two steps surface preparation. Once the TiP layer is thick enough to be continuous, the reaction is inhibited, and the system is stable up to 450 C. At higher temperatures, however, i.e., at 550 C, a drastic change of composition is observed as the system is only composed of TiP and In. Therefore, during this annealing process, the Ti 2 In 5 is decomposed into In, which strongly diffracts into additional Ti. This additional Ti along with the originally deposited one must meet the P contained in the substrate in order to enable the growth of the TiP.
Therefore, a path must be created during this annealing process in order to allow the various species to move and meet. At this point, several hypotheses can be formulated. (i)
The increase in temperature might enhance the diffusion of the various elements, therefore, enabling them to diffuse fast enough through the TiP layer [ Fig.  10(A) ]. This diffusion can occur in the bulk phase, via interstitial and/or substitutional sites or thanks to the grain boundaries. Depending on the diffusion coefficients associated with the Ti and P in this phase, the growth of this phase can occur at the Ti 2 In 5 /TiP interface, therefore, limiting the length over which the Ti would have to diffuse and/or at the TiP/InP interface, thereby limiting the length over which P would have to diffuse.
The second hypothesis that can be formulated lies in the assumption that the diffusion of the various species through the TiP layer is still too slow to enable any reaction. The layer(s) must, therefore, become discontinuous at 550 C in order to allow the Ti and P to interact. This process can be due to an agglomeration of the TiP layer only [ Fig. 10(B) ] or the agglomeration of both the TiP and Ti 2 In 5 layers [ Fig. 10 (B 0 )]. In both cases, once the Ti and the InP are in contact, the system tends to minimize its energy. As already mentioned, all the studies present in the literature report the formation of the TiP phase in intact InP surfaces, indicating the fact that this phase is the most stable in InP. As a consequence, because the few Inrich nanometers that were initially present on the InP have been consumed, the formation of the TiP phase is favored and associated with some In release to conserve the overall stoichiometry.
The second hypothesis appears to be the most likely, first, because the mechanisms related to the first one depend on the Ti thickness. The diffusion of the various species should indeed require much more time when 50 nm of Ti were deposited compared to the case were only 20 nm were initially present. Yet, the "Ti-20 nm" and "Ti-50 nm" seem to evolve similarly at 550 C. As a consequence, the agglomeration of the layer(s) at this temperature is highly probable.
V. CONCLUSION
In conclusion, we demonstrated that the reaction between Ti and the underlying InP substrate is initiated during the deposition process conducted at 100 C. This reaction gives rise to the simultaneous formation of two binary phases, namely Ti 2 In 5 and TiP. While the latter is largely reported in the literature, the first one had never been observed. We attribute the simultaneous formation of both phases to a compositional gradient induced in the InP by the wet surface preparation conducted in a concentrated HCl solution and enhanced by an in situ Ar þ preclean. In accordance with literature, the TiP layers are found to act as a diffusion barrier inhibiting further reaction up to 450 C in spite of the presence of an important Ti reservoir. In this configuration, all observed phases, i.e., Ti 2 In 5 , P, TiP, and In, therefore, coexist at temperatures up to 450 C. Because the promotion of the TiP is thermodynamically more favorable, the Ti 2 In 5 tends to be consumed in order to promote the TiP. However, this transition requires the appearance of a diffusion path within the TiP layer that is only be achieved at high temperature, i.e., at 550 C. The growth of this phase is accompanied by an In release and a total consumption of the Ti 2 In 5 and Ti. Therefore, at 550 C the reaction is enabled either by the enhancement of the species diffusion through the TiP layer or by its agglomeration. 
